I
T HAS been shown by many workers that positive pressure respiration may cause a fall in cardiac output, and work in this field has been the subject of several excellent reviews. In intermittent positive pressure respiration, the fall in output has been proved to occur during the positive pressure phase in animals with both closed and open chest. 4 
"
0 The mechanisms most commonly cited as producing 1 this effect are diminished venous return to the thorax consequent upon increased intrathoracic pressure, 3 ' "• 7 and increased pulmonary vascular resistance. 1 ' *• 7 > 8 Conversely, in the animal with closed chest, a negative pressure phase of respiration has been demonstrated to produce increased venous return to the thorax. 3 ' 9 The purpose of this study was to investigate the effect of thoracotomy and of intermittent positive pressure respiration, sufficient to maintain adequate ventilation, on cardiac output, systemic blood pressure, pulmonary vascular resistance, and central blood volume (CBV) in dogs, since it is under these conditions that much experimental work on circulator}' dynamics must occur.
Methods
Twenty-five mongrel dogs were kept lightly anesthetized by separated small intravenous injec-tions of sodium thiopental. Measurements of cardiac output were not done in the periods immediately following injection. By this technique, it was hoped to avoid the effects of significant respiratory and circulatory depression on our results. Polyethylene catheters were introduced into the superior vena cava (SVC) and into the lower abdominal aorta via the femoral artery. Cardiac output, systemic blood pressure, and CBV were measured (a) with chest closed and on spontaneous respiration, and (b) with chest open and on intermittent positive pressure respiration. In three dogs, the effects of varying positive pressure on the cardiac output, systemic blood pressure, and CBV were assessed under the above conditions (a) and (b). In a further series of dogs, pulmonary artery pressures were measured by right heart catheterization. The left ventricular enddiastolic pressure, obtained by direct needle puncture, was assumed to be equal to the left atrial mean pressure in the absence of mitral valvular disease, so that the pressure gradient across the pulmonary vasculature could be obtained. Using values of cardiac output obtained as described below, total systemic, total pulmonary, and pulmonary vascular resistances before and after thoracotomy were calculated, and the effects of varying levels of positive pressure respiratory, of hexamethonium, and of phentolamine (Regitine) on these parameters were determined. Thoracotomy was performed through the fourth left intercostal space, respiration being maintained artificially.
The respirator used was of the intermittent positive-atmospheric pressure (I.P.-A.P.) type, the inspiratory phase occurring with a positive pressure which could be varied, and the expiratory phase occurring at atmospheric pressure under the elastic recoil of the lungs and, in the intact animal, the chest wall. The gas used was air. The ratio of duration of insip ration to duration of expiration w where no negative pressure phase is included, the least interference with venous return and cardiac output is produced if the length of the atmospheric pressure expiratory portion of the cycle is at least twice that of the positive pressure inspiratory phase. [1] [2] [3] [4] [5] [6] This ratio was used in our experiments.
The cardiac output and CBV were measured hy indicator-dilution technique. 10 A weighed amount of radioactive iodinated (I 131 ) human serum albumin (RISA) was injected into the superior vena eava while arterial blood from the abdominal aorta was drawn through a scintillation counter by a constant speed pump. Sampling rate was 1 ml. per second, and volume of blood contained in cuvette of scintillation counter crystal was 0.28 ml. The radioactivity was measured over one-second intervals by a count rate computer and inscribed as a dilution curve (SVC curve) by a directwriting recording galvanometer ( fig. 1) .
Total blood volume was estimated by comparing the radioactivity of 1 ml. of blood taken five minutes after injection, by which time equilibration was assumed to have occurred, with 1 ml. of a 1-L. volume of water to which a weighed amount of RISA had been added. Five minutes after inscription of SVC curves, a similar amount of RISA was injected into the left ventricle and a dilution curve recorded as before from the aorta (LV curve). The curve downslopes were extrapolated by means of semilogarithmie plotting in the usual manner, and cardiac output was determined by the Stewart-Hamilton formula. In a number of dogs, simultaneous Fiek procedures were done. The 0 2 consumption was determined either by Benedict-Roth spirometer (on spontaneous respiration) or by measuring respiratory minute volume with a Tissot spirometer and O 2 content of expired air by Scholander microanalysis (on I.P.-A.P. respiration).
Blood volume between point of injection and point of sampling was calculated by multiplying the mean transit time of indicator by the cardiac output. CBV in our animals is denned as the blood volume between SVC and bifurcation of aorta and was calculated from the SVC curve. It includes right atrium, right ventricle, lungs, left atrium, left ventricle, and aorta, and parts of the circulation temporally related. The volume of left ventricle and aorta as far as its bifurcation, including parts of the circulation temporally related, is referred to as "LV-Ao. volume." It was calculated .from the LV curve. The volume from SVC up to and including LA is known as "SVC-LA volume" and was calculated by subtracting LV-Ao. volume from CBV. Figure 2 shows the correlation between estimates of cardiac output determined by simultaneous Fick procedure and indicatordilution curves in a series of 14 experiments. In only two estimates do the values differ by more than 12.5 per cent, and there is no systematic error. In table 1 are shown cardiac output values derived from indicator-dilution curves following injection into SVC before and after thoracotomy. The per cent change in cardiac output is calculated and plotted on figure 3, taking, in each ease, the initial closed-chest output as 100 per cent. It will be noted that the cardiac output after thoracotomy fell, on an average, to less than half its original value. Table 2 gives the mean value of systolic blood pressure of the 20 dogs before and after thoracotomy. A substantial fall in pressure occurred in every dog except one, in which a slight rise followed thoracotomy. In this dog, massive hemopericardium with resultant tamponade had developed after previous left ventricular puncture, and the rise in pressure was presumably due to relief of this.
Results
Values of CBV, both before and after thoracotomy, expressed in ml./Kg. body weight, are given in table 3. There is seen to be a consistent fall in CBV and, with one exception, in LV-Ao. volume. With two exceptions, the calculated SVC-LA volumes also fell.
It has been suggested that estimations of left ventricular volume derived from indicator-dilution techniques may be inaccurate because of the possibility of incomplete mixing of indicator injected directly into the left ventricular cavity. 11 This may explain the greater variability in the LV-Ao. volumes calculated by us using this technique. However, there would appear to be a definite decrease in the volume of both compartments of the CBV. Table 4 shows the effect of increasing positive pressure on cardiac output in three dogs, both before and after thoraeotomy. It will be observed that while increasing values of positive pressure are associated, in general, with 
Figure 4 Changes in pulmonary vascular resistance (P.V.R.) and total systemic resistance (T.S.R.) following thoracotomy in five dogs. Pulmonary vascular resistance rose consistently, although total systemic resistance showed a variable response.
a fall in cardiac output, the major fall occurs on thoracotomy despite a reduction in the applied positive pressure. Figure 4 depicts changes in pulmonary vascular and total systemic resistances following thoraeotomy in five dogs. While total systemic resistance showed a variable response pulmonary vascular resistance rose consistently (mean value increased from 177 to 346 dynessec./cm. 5 ). Figure 5 shows the effects of two pharmacological agents, phentolamine and hexamethonium, on the circulation in the open-chest animal. Phentolamine, up to 0.5 mg./Kg. given intravenously to three dogs, resulted in slight and inconsistent changes in pulmonary vascular resistance. Hexamethonium, given intravenously in increasing doses up to 7.5 mg./Kg. in four dogs, did not appreciably lower the pulmonary vascular resistance, although it reduced the calculated total systemic resistance in three of these.
The application of positive pressures appreciably below or above that required to produce adequate lung inflation resulted in further rises in pulmonary vascular resistance, and these findings are shown graphically in figure  6 . Discussion These results show that the indicator-dilution technique used gave values of cardiac output in the dog which were comparable with those obtained by almost simultaneous Fick procedure, and that there was no systematic error.
Following thoracotomy, there was a marked fall in systemic blood pressure and cardiac output, and this, in contrast to the findings of Brecher, 5 persisted. The operation of thoraeotomy was a relatively atraumatic and bloodless one; however, any slight blood loss due to this and to performance of dilution curves was estimated and replaced, in order to avoid any hemodynamic effects due to changes in blood volume. It seems probable that the fall in systemic blood pressure was the result of reduced cardiac output in an animal, the homeostatic mechanism of which was impaired by general anesthesia. The reduced cardiac output, in turn, was presumably due to increased pulmonary vascular resistance and/or decreased venous return to the right heart. Other workers have shown that, after the first hour, continuous anesthesia caused a steady drop in cardiac output in dogs. 12 This effect might account for part of the overall fall in cardiac output but cannot represent more than a small proportion of the fall occurring on thoracotomy.
The above data also indicate that following thoracotomy there was an increase in pulmonary vascular resistance. It has been proposed that the reason may be diminution of transmural pressure of the vessels with consequent reduction, in diameter and increased resistance to flow. 6 Kinking of capillaries on partial collapse of the lungs may also be a factor, and it has been suggested that reflex vasoconstriction of the pulmonary arterioles occurs. The failure of hexamethonium and phentolamine to produce any significant reduction in pulmonary vascular resistance appears to favor a mechanical rather than a humoral or neurogenic cause for the increased resistance. In addition, loss of the normal negative intrathoracic pressure has been assumed to reduce venous return to the thorax and so cardiac output. 13 The effects of positive pressure respiration have been extensively studied in the anesthetized animal, both with chest closed and open. ' "'• 8>14> 15 There is a progressive increase in pulmonary vascular resistance, a decrease in venous inflow to the thorax, and a fall in cardiac output as positive pressure is increased; the above results are consistent with these.
It is, of course, difficult to distinguish the effects of positive pressure breathing from those of thoracotomy, since the former is necessary in the presence of the latter in order to keep the animal alive and in a stable circulator state. However, in three of our dogs, increasing values of positive pressure, up to 20 mm. Hg, both with chest closed and chest open, resulted in relative^ small decreases in cardiac output and systemic blood pressure, compared with those occurring after thoracotomy. From this series of experiments, then, it would appear that thoracotomy played the major part in causing the reduction in cardiac output and that positive pressure respiration sufficient to maintain adequate ventilation of the lungs played a subsidiary role.
Obviously, the mean airway pressure in our experiments was relatively low, being of the order of 5 mm. Hg with a peak positive pressure of 10 to 12 mm. Hg. The use of higher pressures will undoubtedly produce more marked reductions of systemic blood pressure and cardiac output, but these are not required for simple maintenance of lung ventilation after thoracotomy.
The effects of changes in arterial oxygen saturation on cardiac output were considered in these experiments. Arterial oxygen saturation values were 93 per cent or more on spontaneous respiration and 90 per cent or more on I.P.-A.P. respiration at pressures sufficient for adequate inflation of the lungs. When pressure was reduced below this level, the resultant under inflation of the lungs caused arterial oxygen desaturation. Patches of localized lung collapse were observed, and shunting of blood through these unventilated areas may have occurred. There may, in addition, have been alveolar hypoventilation resulting in hypoxia which itself can produce increased pulmonary vascular resistance so that this effect must be considered as well as those due directly to collapse of lung tissue.
Decreases in CBV, including both SVC-LA volume and LV-Ao. volume, occurring after thoracotomy were probably mainly due to the atmospheric pressure. In the intact animal, the negative intrapleural pressure exerts a distending action on these structures. In addition, the decreased systemic blood pressure and cardiac output would be expected to result in some diminution in diameter of the aorta and possibly the left ventricle also. Reduction in the diameter of the heart after thoracotomy has been proved to occur both radiologically and by direct measurement. 16 Differences in absolute values of these compartments, of CBV in relation to body weight in different dogs are presumably due to the fact that CBV is not linearly related to weight and also that the SVC and aortic catheters, particularly the lattei", may not have been inserted to exactly the same level in all dogs. In addition, the possible errors already referred to, due to imperfect mixing following LV injection, may play a part.
Summary
In the anesthetized dog, thoracotomy and intermittent positive-atmospheric pressure (I.P.-A.P.) respiration produce a marked and sustained fall in cardiac output. Evidence suggests that most of the fall is due to thoracotomy, and the I.P.-A.P. respiration at levels sufficient to maintain adequate ventilation plays a relatively minor part. Thoracotomy also results in considerable reduction of all compartments of the central blood volume, presumably due to loss of the distending effect of negative intrapleural pressure on the heart and great vessels. There was a consistent rise in pulmonary vascular resistance which was not significantly affected by the administration of hexamethonium or phentolamine. It is suggested that humoral or neurogenic factors play a minor role in producing the increased resistance.
